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Abstract:
Stomata are small pores that are located on the surface of epidermal leaves, and they can
regulate the uptake of CO2 and prevent water lose by opening and closing the pores.
Stomata of plants can be regulated by external condition such as CO2, biotic and abiotic
stresses and internal factors. CAM (crassulacean acid metabolism) plants adapt to hot and
dry environments by closing stomata during the day and opening stomata during the cool
night. However, it is still unclear how CAM plants open their stomata during the night
and close them during the day. In this study, a number of factors were evaluated for their
potential roles in promoting stomatal opening in the model CAM plant Kalanchoe
laxiflora. Citrate is an important organic acid and it accumulates during the night in CAM
plants. It is shown in this study that citrate promoted stomatal opening in detached leaf
epidermis of Kalanchoe laxiflora. Further, the cytokinin zeatin is also shown to stimulate
stomatal opening in detached leave of Kalanchoe laxiflora. Melatonin is an important
regulator of circadian rhythms in mammals and has been implicated in regulation of plant
abiotic stress responses. Melatonin was detected in the leaves of Kalanchoe laxiflora.

It promoted stomatal opening in detached epidermis of Kalanchoe laxiflora. Together,
these results suggest that stomata of Kalanchoe laxiflora respond to citrate and malate
which are the main organic acids accumulate during nighttime and also to some signaling
molecules (zeatin, melatonin, and serotonin) by opening stomata during dark period.
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INTRODUCTION

CAM plants
Stomata are a small pore that are located on the surface of the leaves in some
plants. Stomata have a specific shape, and they are surrounded by two guard cells to give
kidney-like structure. This structure of stomata plays an important role in productivity of
plants and their survival. The functions of stomata are preventing water lose and
regulating the uptake of carbon dioxide, and both functions can be done by closing and
opening of the guard cells that around the stomata. Stomata will open in case of swelling
when there is large amount of water coming into guard cells, which lead to increase the
volume of guard cells, and it will be closed when guard cells lose water which lead to cell
shrink and reduce the volume (Golec and Szarejko, 2013).
It has been reported that there are some factors that affect stomata movement
which are external environmental stimulate such as light that lead to open stomata to
promote uptake of CO2, and drought, which causes stomata to close to prevent water lose
(Roelfsema and Hedrich, 2005). Stomata of plants that have crassulacean acid
metabolism (CAM) are different from other plants like C3 and C4 plants in their
regulations. The first feature of stomata in CAM plants is uptaking CO2 during dark
period and fixing this CO2 by phosphoenolpyruvate carboxylase (PEPC) in cytosol to
1

form organic acids (mainly malate) and store them in the vacuole. Second feature is
reducing losing large amount of water because stomata of CAM plants open during night
when weather is cold and close during day in a hot weather. This characteristic makes
CAM plants grow in arid or dry environment (Borland et al., 2014).
There are some researchers provide information that CO2 pathway in the dark is different
from CO2 pathway under the light (Kenyon et al., 1981). CO2 plays an important role in
closing an opening of stomata according to concentration of CO2. When the level of CO2
concentration is high, stomata will close and vice versa (Cockburn et al., 1979). CAM
plants can be classified into the following phases (Lüttge, 2004). Phase I, which is during
night (stomata open) when PEPC fix CO2 from environment to form malic acid
(carboxylation), which is then stored in the vacuole. After that, Phase II, which happens
in early morning when stomata still open to take more CO2. Phase III, when this organic
acid effluxes from vacuole into cytosol again to undergo Calvin Cycle (stomata close).
Lastly, Phase IV happens when stomata are opened at the end of the day for assimilation
of carbohydrates when malate or any other organic acid was exhausted. There are
different modes of CAM; obligate CAM, C3-CAM (facultative CAM), CAM idling,
latent CAM, and rapid-cycling CAM (Cushman, 2001). Each of these modes has
different response to the environment by opening of their stomata and controlling CO2
uptake. In rapid-cycling CAM, uptake of CO2 will be during day and night, while latent
CAM, the uptake of CO2 and opening stomata will be during the day. All four phases that
have been discussed before were found in obligate CAM when the plant is well watered
and in a good condition. In another case, when the plant is under a very drought
condition, phase IV will be reduced and declined and phase II will be restricted. When
2

drought increases, stomata will close during day and night in idling-CAM to maintain
level of water and prevent losing of CO2 but still there is no CO2 uptake (Lüttge, 2010).
In rapid-cycling CAM, uptake of CO2 will be during day and night, while in latent CAM,
the uptake of CO2 and opening stomata will be during the day (Cushman, 2001).
The role of potassium and organic acid in CAM plants
Crassulacean acid metabolism (CAM) plants save and prevent lose amount of
water by conducting photosynthetic pathways in vacuole (Winter et al., 2015). Vacuole
occupies about 80% of cell volume, and it is the main place to accumulate some types of
ions inside the cell (Kollist et al., 2011).
Potassium
Potassium is an important inorganic ion in opening stomata in CAM plants. The
protons movement across vacuole need activating some channels which lead to opening
of stomata. The deference in a potential gradient because proton move out vacuole will
lead to activate channel that responsible to move K+ into guard cell passively, and uptake
of potassium is related to opening of stomata in Kalancho and Crassula (Lee, 2010).
Accumulation of potassium will be done by some transporters and ion channels such as
H+–ATPase in plasma membrane (Brygoo et al., 2000). It has been reported that ATP
specifically, not GTP or ADP, is required for active channels that are responsible in
influx of K+ in a guard cell (Wu and Assmann, 1995). The concentration of potassium
plays an essential role on affecting opening and closing of potassium channels (Mathnis
et al., 1997). Membrane potential depolarization can affect K+ channel by opening it for
3

releasing K+ ion (Schroeder et al., 1988). Also, uptake and releasing of K+ affect
shrinking and swelling of cell by opening the stomata in case of Kin and closing of
stomata in case of Kout (Mathnis, 1997). There are some channels that are responsible in
transferring of K+ current across the plasma membrane of guard cells; they are inwardrectifying channel and outward-rectifying channel (Schroeder, 1988). Lebaudy et al.
(2007) mentioned three families of K+- selective channels, which are Shaker, TPK, and
Kir-Like. Each family has different members of channel, such as TPK family has
AtTPK1 and AtTPK4. Shaker family also has different groups: inward rectifying
conductance, weakly inward rectifying conductance, or outward rectifying conductance
(Lebaudy et al., 2007). In CAM plants, potassium has a critical influence on the opening
of the stomata due to its tremendous effect on the turgidity of guard cells (Kim and Lee,
2007).
Malate
Malate is an organic anion that play an important role in opening and closing of
stomata in different plants and also it helps in regulation of guard cell turgor (Finkemeier
and Sweetlove, 2009). Vacuole that is located inside the cell of CAM plants is considered
as a home of malate because it stores malate during night and release it in following day
with specific transport channel. Oxaloacetate is an intermediate to produce malic acid
which catalyzed by malate dehydrogenase (Nomura et al., 2009). The amount of malate
that is produced by PEPC have to be the same amount of malate that is transported into
the vacuole and also the amount of malate that is released from vacuole has to be equal to
the amount of malate that undergoes decarboxylation process in cytoplasm to maintain
4

cytoplasmic homeostasis. Malate that stored as a free acid can be transferred across the
tonoplast by transferring 2 H+ to maintain charge balance (Cheffings et al., 1997).
Pumping of 2 H+ into the vacuoles by using the two enzymes, H+-ATPase and H+-PPase,
which help in proton motive force (Sze et al., 1992). Some channels were discovered in a
vacuole to help transporting malate across tonoplast and they have a large permeability to
this malate. These channels are vacuolar (SV) and fast vacuolar (FV) channels, and the
vacuolar malate channel (VMAL) in Kalanchoe daigremontiana (Cheffings et al., 1997).
The rate of movement of malate into the vacuole is much higher than its movement
outside vacuole into cytoplasm, which means that the channel is opened just in cytosolic
side and this process is called rectification. The possible reason of this rectification of
(VMAL) channel is because the movement of blocking ion such as Mg+2 from cytosolic
side and Cl- from vacuolar side. Also, the other reason that makes the limited movement
of malate into the cytoplasm is accompanied of malate with two H+. (Cheffings et al.,
1997). Malate that present in the cytosolic side plays an important role to activate the
uptake of chloride ion by aluminum-activated malate transporters (AtALMT9). Malate
and fumarate work as an allosteric regulation for AtALMT9 by taking a large amount of
chloride in the presence of malate in the cytosol into the vacuole regardless to the
concentration of malate in vacuole. Due to the slow process in forming malate by starch
degradation, the small amount of malate will be enough to activate AtALMT9 to
transport chloride that accumulates in vacuole. AtALMT9 is a key factor required for
stomatal opening but not stomatal closing (Angeli et al., 2013). It has been reported that
AtALMT6, which located on the guard cell of vacuole and activating by the level of Ca+2
in cytosol, act as malate transporter into vacuole (Meyer et al., 2011). There is an
5

argument about sharing the same transporter between malate and chloride across
tonoplast. White and Smith (1989) tested that by adding maleate and tartonate into
solutions that have 50 mol.m-3 of chloride and malate, and the result indicated that malate
transporter was inhibited by these two anions and had no effect in chloride transport.
Thus, chloride and malate have different transporters. Iwasaki et al. (1992) found a
channel that transport malate ion across the tonoplast. This channel is different from SV
and FV channels in voltage dependence and Ca+2 concentration in cytoplasm. This
channel effluxes malate outside vacuole into cytoplasm at a potential higher than the
equilibrium potential for malate, which is -15 mV. To determine if this channel is
different from FV channel, Iwasaki et al. (1992) observed that the movement of malate
outside vacuole was at 10-5 to 10-3M of free Ca+2 concentration, and this is different from
concentration that was detected for FV channel, which is less than 10-7. Another
difference is that this channel opened only at just a potential that is lower than the
equilibrium potential, which is -20 mV, whereas the FV-Channel opens at both lower and
higher potential than the equilibrium potential. There is another channel that was reported
by Arata et al. (1992), which is malate uptake type (MU-type) in G. paraguayense. This
channel has a high tendency in uptaking malate more than releasing it in a very large
range of Ca+2 concentration in cytoplasm, which is between 10-8 to 10-5 M. This channel is
opened in case that the potential is higher than malate’s nernst potentials. In addition,
malate uptake channel accepts malate only in a divalently dissociated form (mal-2), not
the other forms such as monovalently dissociated (Hmal-) and undissociated form
(H2mal).
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Both of Hmal- and H2mal account about 1% of malate and the rest is represented
by mal-2. Finally, Aluminium helps in activating malate transporting by AtALMT9.
Also, AtALMT6 help uptake and release malate across tonoplast (Palmer et al., 2016).
Citrate
Citrate is the organic acid that plays a significant role in CAM plants. Citrate
synthase is the enzyme that catalyze the synthesis of citrate in mitochondria, which then
undergoes into the vacuole during the night (Gawronska and Niewiadomska, 2015).
Between citrate and malate, citric acid plays a significant role since it precedes the
formation of malic acid that undergoes decarboxylation to produce CO2 (Meyer et al.,
2011). In most case, malate and citrate have a similar effect because citrate can be
converted into malate very easily in Kerbs Cycle (Darandeh and Hadavi, 2012). It has
been reported that accumulation of citric acid is the most influential factor that make
plants resist many environmental stresses such as drought. Also, it helps to reduce injury,
caused by losing a lot of water (El-Tohamy et al., 2013). According to Holtum et al.
(2005), it has been reported that the transporter AttDT plays an important role in influx
and efflux of citrate. They also indicated that there are some transporters and enzymes
that exhibit night-day fluctuations in malate and citrate, which are plastid Glu6P
transporter (GPT), plastid PEP transporter (PPT), plastid pyruvate transporter, vacuolar
sugar transporters, and vacuolar citrate transporter (Holtum et al. 2005). Similar to
malate, increased citrate can inhibit mitogen-activated protein kinase 3 and 6
(MPK3/MPK6), which stimulates closing of stomata (Su et al., 2017).
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Enzymes that are involved in CAM
Phosphoenolpyruvate carboxylase (EC 4.1.1.31, PEPC)
PEPC is an enzyme that is responsible in CO2 fixation from phosphoenolpyruvate
(PEP) in phase I of CAM plants. This enzyme is active during night time by
phosphorylation process which is catalyzed by PEPC kinase (Cushman and Bohnert,
1997). Also, this enzyme is inhibited during the day by PEPC phosphatase via removing
phosphate group (Zhang et al., 2016). PEPC requires Mg+2 as an important cofactor to
convert PEP into oxaloacetate and Pi in the presence of HCO-3. PEP is then reduced into
malic acid by malate dehydrognase. There are two forms of PEPC, one is a tetrameric
form, which has a high affinity to PEP in night, and the other is a dimeric form, which
has low affinity to PEP during day (Iglesias et al., 1987). It has been reported that PEPC
is an allosteric enzyme, which has a positive effector, which is glucoe-6-phosphate and a
negative effector, which is malate (Chollet et al., 1996). When malate accumulate in
vacuole, this will lead to PEPC inhibition to make it inactive, but when malate is effluxed
out of vacuole during day, PEPC will be active again during night (Chollet et al., 1996).
Malate dehydrogenase (EC 1.1.1.37)
Malate dehydrogenase is a cytosolic enzyme that catalyze the nocturnal reduction
of oxaloacetate to form malate, which then stored in vacuole. Also, the accumulation of
malate in vacuole is related to the activity of NAD-dependent malate dehydrogenase.
When the level of this enzyme is low, the accumulation of malate in vacuole will be
limited (Gawronnska and Niewiadomska, 2015).
8

Cytoplasmic NADP-malic enzyme (EC 1.1.1.40)

Cytoplasmic NADP-malic enzyme is a decarboxylation enzyme locating in
cytoplasm, and it is responsible in oxidative decarboxylation of malic acid outside the
vacuole during light period. This enzyme catalyzes the conversion of malate into
pyruvate and CO2 in the presence of NADP+ as a cofactor Mg+2 as an important cation.
Also, there are two forms of NADP-malic enzyme, one is a dimeric enzyme, which has
low affinity to malate during dark, the other one is a tetrameric form, which has a high
affinity to malate during light (Iglesias et al., 1987). This enzyme needs to be under
control to avoid CO2 recycling by PEPC (Cook et al., 1995). The activation of this
enzyme is related to reducing thioredoxins during light period. The presence of cysteine
residues on this light-modulated enzyme will increase disulfide reduction during light to
make enzyme active or dithiols oxidation during dark to make it inactive (Li et al., 1994).
RUBISCO (EC 4.1.1.39)
RUBISCO is an enzyme that is responsible in fixation of CO2 in Calvin Cycle
with ribulose 1-5 bisphosphate as a substrate. This process happens during the day when
stomata is closed in CAM plants (Brooks and Portis, 1988). It has been reported that CO2
and Mg+2 play important roles to activate RUBISCO. In addition, there are many
effectors to RUBISCO and some of them are negative and the others are positive
effectors such as glucose-6-phosphate, fructose-6-phosphate, sodium phosphate
(McCurrys et al., 1981). Furthermore, an enzyme called RUBISCO activase can activate
RUBISCO (Zhang and Portis, 1999). When the enzyme is active, RUBISCO is in a
9

carbamylated state and inactive in non carbamylated state (Lorimer and Miziorko, 1980).
Citrate synthase (EC.4.1.3.7)
Citrate synthase is the enzyme that participate in catalyzing citrate synthesis by
condensation of acetyl CoA with oxaloacetate to form citrate. This enzyme could be
present in mitochondria and glyoxysomes (Popova et al., 1998).
Auxin and Cytokinin in Stomatal Regulation
Indole Acetic Acid (IAA)
IAA is one of the main auxins found in plants. Auxins are growth regulators that
either promote or inhibit growth depending on auxin levels. They are produced in high
amounts in areas exhibiting high growth rate such as at root tips, shoot tips and
meristems. Therefore, IAA has a number of functions: regulate cell enlargement and
division, tissue differentiation, phototropism response in plants and signaling to facilitate
the development of plant organs and tissue growth (Gray, 2004). IAA is most effective in
areas with a low concentration and low exposure to bright light. In the event that a side of
the plant is exposed to light, IAA auxins are transported to the other darker areas where
they have a more pronounced effect (Yokawa et al., 2014). In areas where there is
localized auxin hormone, there is excess growth and bending. For example, if the plant
was exposed to light for a period of time, the IAA auxin would be transferred and
concentrated on the darker side of the plant hence the darker area would grow more and
cause the plant to bend towards the light, a phenomenon known as phototropism (Holland
et al., 2009). The fact that IAA auxin is more concentrated and responsive in the darker
areas also creates a phenomenon known as geotropism where roots grow downwards in
10

response to gravity (He and South, 2006). Therefore, IAA is important in the
development and organization of the plant in terms of structure. In addition, research has
demonstrated that indole acetic acid is one of the primary regulators of evapotranspiration
and photosynthesis in CAM plants. In essence, IAA plays a fundamental role in the
stomatal opening of the plants given that its effects are pronounced in dark conditions
(Eisele et al., 2016).
The action of IAA in plants has been studied by many researchers with a view to
discover the primary environmental factors that influence the auxin to induce stomatal
closure and opening. For example, Eamus and Wilson (1984) did a study using Phaseolus
vulgaris in which the effect of IAA on stomatal aperture in different temperature and
carbon dioxide levels was compared to the effect of abscisic acid on stomatal aperture. At
a favorable growth temperature of 22 °C, abscisic acid caused the stomata to close.
However, carbon dioxide was found to be a stronger factor affecting the closure of
stomata than light intensity or temperature. Moreover, abscisic acid completely lost its
effect once all carbon dioxide was withdrawn. Conversely, indole acetic acid induced
stomatal opening at the same temperature (22 °C). However, the concentration of the
plant auxin as well as its impact on stomatal opening is largely dependent on the
availability of carbon dioxide (Eamus and Wilson, 1984). When the effects of the two
hormones on stomatal aperture were tested under low temperatures of 5 °C, the impact of
abscisic acid was reversed in that it caused the stomata of Phaseolus vulgaris to open
after being fed into excised leaves through the transpiration channel. Even the responsive
characteristics of abscisic acid to carbon dioxide concentration changed dramatically. For
example, the stomata of the plant closed when the atmospheric carbon dioxide was
11

reduced. In contrast, indole acetic acid at 5 °C was found to increase stomatal aperture as
long as carbon dioxide was present (Eamus and Wilson, 1984). In other words, the action
of IAA heavily depends on carbon dioxide concentration as opposed to environmental
temperature. In addition, IAA is seen to reduce the effect of abscisic acid on stomatal
closure (Dunleavy and Ladley, 1995). Findings indicate that stomatal opening by IAA is
characterized by the extrusion/efflux of hydrogen ions (H+) from the cell cytosol through
the plasma membrane (Schwartz et al., 1988). In an experiment that investigated the
impact of IAA-induced stomatal opening in Paphiopedilum tonsum, Pospíšilová (2003)
noted a dramatic decline in the levels of cytoplasmic pH. A similar observation had been
made in the guard cells in which stomatal opening was also accompanied by increased
acidification in the cytosol (Babourina et al., 1998). Due to the accumulation of weak
acids such as acetic acid, the cytosolic pH (pHcty) decreased even further. Another
interesting finding by Irving et al. (1992) is that acetic acid induces stomatal opening in
15%-20% of such cases in P. tonsum. In this regard, it would be correct to assert that IAA
acts through a cascade of events in which cytosolic acidification is pivotal for sustained
stomatal opening. As cytosolic pH decreases through the extrusion of hydrogen ions,
another pH-dependent physiological process takes place in the guard cells. When the
concentration of IAA is low, potassium ions (K+) move into the cell. Conversely, a high
concentration of IAA inhibits the inward movement of K+. These effects are governed by
second messengers: pH and Ca2+ concentration (Schwartz et al., 1988). In a study by
Irving et al. (1992), IAA induced a significant increase in cytosolic Ca2+ in guard cells
within 7 minutes. Since IAA elevates the level of cytosolic acidification, an increase in
cytosolic Ca2+ was also associated with an accumulation of weak acids. Therefore,
12

stomatal opening as initiated by IAA causes an extrusion of H+, a decline in cytosolic pH,
and elevation of cytosolic Ca2+. However, the order in which these events take place is
yet to be fully established (Schwartz et al., 1988).
Zeatin
Zeatin is part of a group of plant hormones known as cytokinins that promote cell
division, growth and delay leaf senescence (Novák et al., 2013). One of the most notable
functions of zeatin is increasing stomata opening in CAM plants at a temperature of 15°C
during the night or in the dark in the detached epidermis (Jewer and Incoll, 1981). This
can be further tested by spraying a solution of zeatin to the leaf surface and monitoring
the changes after a few minutes. The cytokinin zeatin stimulate the opening of the central
pores of the stomata, and after a while, the stomata in both the central pores and outer
edges of the leaf open widely. Simply put, zeatin increases the rate of transpiration in
plants (Nogués et al., 2001). Kuraishi et al. (1981) carried out such an experiment with
the objective of demonstrating the impact of zeatin on the stomata of the sunflower plant
scientifically known as Helianthus annuus. A solution of zeatin was sprayed on the
mature leaf of the plant and left to settle for a few minutes. The photographs that were
taken using a scanning electron microscope two minutes later revealed that the cytokinin
had only caused a slight stimulation of stomatal opening. However, the opening of the
stomatal central pore was distinct. Indeed, two minutes was a short time for zeatin to
have caused such noticeable changes in the stomata. Therefore, subsequent analysis was
done to determine its effects on the leaf. Five minutes after the spraying of the leaf with
zeatin, the impact on stomatal opening was more pronounced since the pores at the center
and the leaf edge had opened significantly (Kuraishi et al., 1981). Moreover, its action in
13

plants is initiated at night when the environmental temperature is neither too high nor too
low (Chang et al., 2016). At favorable temperatures, there is increased stomata
conductance, which consequently leads to an increase in the level of zeatin in the leaves.
Consequently, there is an increase in the rate of transpiration. However, cooler
temperatures trigger a slow and gradual stomata closure along with a decrease in the level
of zeatin in leaves (Todorova et al., 2005). Zeatin also delays leaf senescence by altering
the normal stomata conductance through solute mobilization. Leaf senescence is the final
stage of leaf development where nutrients are recycled to other parts of the plant and to
the reproducing seeds (Ori et al., 1999). In leaves where zeatin resides, they become sinks
for nutrients, and the increased amount of concentrated nutrients delays the senescence of
leaves. Senescence can be seen in the change of color of leaves from green to yellow
during autumn before they fall to the ground (Keskitalo et al., 2005). The delay in
senescence occurs when the movement of stomata solute mobilization activates cell
division, which creates a solute sink of nutrients in the stomata. In addition to this,
transgenic tobacco plants overexpressing a cytokinin synthase gene showed prolonged
the life span of the leaves than normal plants since senescence is suppressed (McKenzie
et al., 1998).
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Role of Melatonin and Serotonin in abiotic stresses
Melatonin
Melatonin is a chemical substance found in plants that is responsible for the
regulation of plant growth and plant response to stress inducing factors. The main
function of melatonin is to induce cold tolerance of plants to adapt to lower
environmental temperatures (Ajay et al., 2012). In plants, melatonin is a vital chemical
component for the regulation of genes that protect plant cells from environmental stresses
(Kaur et al., 2015). It is worth noting that CAM plants require efficient mechanisms for
the regulation of evapotranspiration since they grow in dry arid conditions (Winter et al.,
2014). The study of melatonin and its role in stomatal opening in plants can be traced to
early investigations that detected elevated levels of melatonin in dark growth conditions
in different species (Hardeland, 2015). However, the action of melatonin in modulating
the opening and closing of stomata may depends on the presence of a mediating protein
known as calmodulin (CaM) (Chen et al., 2004). The affinity of melatonin for the
calmodulin protein is enhanced by CAM kinase II (CAMK-II) (Tse et al., 2007). Further
studies are needed to confirm the possibility that CaM may link to other molecules other
than CaM Kinase II to elicit similar changes in CAM plants (Hardeland, 2015). At the
same time, an inhibitor of Calmodulin Kinase II has been studied in Zea mays in which
its role in inducing antioxidative responses was confirmed (Ming-Yi and Jian-Hua,
2004). The inhibitor was also noted to play a role in countering the stress-induced
senescence in the leaves of plants. Nevertheless, it has not been clearly established that
melatonin has definitive binding sites and receptors in the calmodulin/calmodulin kinase
complexes (Hardeland, 2015). However, the involvement of calcium signaling has been
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strongly supported due to the fundamental roles that it plays in the physiological
processes of autotrophic plants including CAM plants (Hetherington and Brownlee,
2011). Although the link between calcium signaling and melatonin is not well studied,
Hardeland reiterate that both melatonin and cytosolic calcium levels are elevated by
certain chemicals such as indole-3-acetic acid (IAA) and plant morphogen thidiazuron
(TDZ). It is also interesting to note that the presence of (S)-(-)-Bay K8644 (an agonist of
the calcium channel) strongly elevates the amount of TDZ-induced melatonin and IAA in
plants. This observation raises the question whether the calcium channel regulated
through calcium ions is downstream or upstream of melatonin. It could also be both as
determined through a positive-feedback loop (Hardeland, 2015). The involvement of a
calcium channel in the regulation of stomata opening and closing by melatonin has been
further demonstrated in Mimosa species. When the availability of Ca2+ in mimosa is
reduced by a chelating agent such as ethylene glycol tetraacetic acid (EGTA), melatonin
levels decrease. Conversely, an increase in the availability of exogenous melatonin in
combination with Ca2+ results in high photosynthetic activities which include the opening
of stomata for the trapping of carbon dioxide (Hardeland, 2015). These changes are
accompanied by the upregulation of genes that depend on calcium signaling to regulate
various environmental and physiological stresses in plants. Consequently, a correlation
between melatonin and calcium signaling in the regulation of biological processes in
plants has been largely established. However, unraveling the details of this nexus require
further studies.
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Melatonin has been implicated in regulating the metabolism of other key
chemicals such as abscisic acid (ABA) and nitrogen oxide (NO). In a study by Li et al.
(2015) it was observed that Malushupehensis plants and Malusprunifolia became more
drought-tolerant upon undergoing a pre-treatment phase with melatonin. An analysis of
the physiological impacts of this pre-treatment revealed that melatonin fostered the leaves
capacity for water conservation. It also reduced the leakage of electrolytes, maintained
steady levels of chlorophyll, and increased the efficiency of photosynthesis even under
stressful conditions. The researchers also documented two important mechanisms which
improved stomatal functions in terms of their ability to close and re-open. The first
mechanism involves the downregulation of a gene that plays a role in the synthesis of
abscisic acid (MdNCED3) (Li et al, 2015). It is worth noting that the upregulation of
ABA initiates the closure of stomata in order to conserve water in the leaves (Li et al.,
2015). Therefore, melatonin upregulates the catabolic genes of abscisic acid
(MdCYP707A2 and MdCYP707A1), which further reduces the content of ABA in plants.
The second mechanism entails the detoxification of plant cells in which melatonin
scavenges hydrogen peroxide directly as well as indirectly by increasing the efficiency of
antioxidant enzymes (Li et al, 2015).
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Serotonin
In plants, serotonin is an intermediate in the biosynthetic pathway that leads to the
biosynthesis of melatonin (Peuhkuri et al., 2012). Both serotonin and melatonin are
synthesized from an amino acid known as tryptophan. Tryptophan is first converted to
serotonin through the enzymatic action of tryptophan decarboxylase (TDC) and
tryptamine 5-hydroxylase (T5H). Further action by serotonin N-acetyltransferase (SNAT)
and acetylserotonin O-methyltransferase (ASMT) results in the formation of melatonin
(Murch et al., 2009). In this regard, there maybe a close correlation between the
mechanisms through which both indoleamines act to regulate biological processes in
plants.
It is worth mentioning that serotonin exhibits auxin-like activity besides acting as
a signal transmitter (Ramakrishna et al., 2011). In CAM plants, its role in stomatal
opening is conceptualized in growth regulation. Moreover, strict regulation of
evapotranspiration is vital for the growth and reproduction of CAM plants considering
the scarcity of water and abundance of environmental stressors in arid conditions (Lüttge,
2004). In this respect, serotonin levels often accumulate in the leaves of some plant
species during the reproductive period to ensure optimal photosynthesis. An example of
such a species is Griffonia simplicifolia (Ramakrishna et al., 2011).
In plants that exhibit signs of senescence, serotonin levels have also been found to
be elevated. This observation coincides with the fact that serotonin acts as an agent that
could delay leaf senescence (Erland and Saxena, 2017). During senescence, there is a
high oxidative process that may cause damage to the leaf. Therefore, serotonin has a high
antioxidant capacity that enables the plant to maintain the cellular integrity of the
18

parenchyma cells and companion cells and to promote nutrient recycling from senescing
leaves into sink tissues and prolong the lifespan of the leaves (Avila-Ospina et al., 2014).
Through its antioxidant role, it scavenges reactive oxygen species such as hydrogen
peroxide. Serotonin has been detected in high level in rice plants exhibiting senescence.
Its accumulation in the plant cells has been attributed to its increased regulatory role in
fighting oxidative stress in the presence of high amounts of reactive oxygen species
(Korkina et al., 2017).
Serotonin in plants also reduces the accumulation of toxic chemicals such as the
metabolite tryptamine and ensures that there is a gradual reduction in the potential of
plant cells in the senescing leaves. Studies involving Datura metel have supported the
antioxidative theory in that it scavenges reactive oxygen species in order to protect germ
tissue from the adverse impacts of environmental stressors such as low humidity and low
temperature (Murch et al., 2009).
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Kalanchoë laxiflora
Crassulaceae is a family that considers a part of Kalanchoë genus, and this genus
contain about 140 species and Kalanchoë laxiflora is one of them. According to the
characterizations of flowers, Kalanchoë is classified into two groups, which are
Kalanchoë and Bryophyllum (Kuligowska et al, 2015). These plant species can reproduce
asexually by creating plantlets within their leaves (Grace et al., 2007). Kalanchoë
laxiflora is an obligate CAM plant, which has all four phases of CAM plants (Yang et al.,
2015). The thickness of succulent leaves in Kalanchoë laxiflora or in CAM plants in
general is the most important feature in their structure to can accommodate a large
vacuole that store a large amount of organic acid (Zambrano et al., 2014). Also, there are
some other features of Kalanchoë laxiflora, including a small genome size of ~260 Mb,
and a short stature (around 12-18 inches tall). Furthermore, it has a shore life cycle, its
ability in producing large number of seeds per plant, and can be easily transformed
(Borland et al., 2015). All these features make it suitable as a model for obligate CAM
plants (Borland et al., 2015). (Lüttge, 2010) reported that it is very rare to find CAM
plants in a harsh desert environment such as Southern Arabia and Northern Australia, but
they can be found in a semi desert environment such as California and Arizona.
Izumikawa et al. (2008) reported that most Kalanchoë species could be found in
Madagascar and they also could be found in other places such as Arabia, India, East Asia,
and east coast of Africa.
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This study was designed to determine the effects of organic acids and signaling
molecules that may affect positively the movement of stomata of Kalanchoë laxiflora. I
investigated the effect of citrate, malate, indole acetic acid (IAA), melatonin, serotonin,
and zeatin on opening and closing of stomata in Kalanchoë laxiflora. I found that some
these factors could contribute to regulate stomatal opening in Kalanchoë laxiflora.
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CHAPTER II
MATERIALS AND METHODS
Plant material
Kalanchoe laxiflora plants were grown in 6-inch pots containing potting mix
(Scotts Miracle-Gro Company, Marysville, Ohio, USA) in a room in which day
temperature was 22°C and night temperature was 20°C. Plants were watered once a week
with tap water.
Preparation and incubation of epidermal strips
Epidermal strips were removed from the abaxial surface of fully expanded leaves
using dissecting forceps and cut into 5-10 mm pieces using a razor blade according to
Weyers and Travis (1981). Pieces of epidermal strips were transferred and floated
(cuticle up) in multiple well (45 mm diameter) plates (Corning Incorporated, Oneonta,
New York) containing incubation solution (10 mM MES-Tris, 50 mM KCl, pH 6.0). The
incubations of epidermal strip with different chemicals were conducted for four hours
under darkness or light at room temperature. For darkness incubation, multiple well
plates with lids were covered with aluminum foil. For incubation under light, multiple
well plates with lids were illuminated under white light with an intensity of 150 µmol m-2
s-1. The following six chemicals were examined for their effects on stomatal aperture:
malic acid (Sigma, catalog no: 02268) at concentrations (5, 10, 20, 30, and 40 mM); citric
acid (Sigma, catalog no: C1909) at different concentrations (1, 2, 5, 10, and 20 mM);
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indole-3-acetic acid (Plantmedia, catalog no: 30631010-1) at different concentrations
(0.1, 1, 10, 100, and 1000 µM); zeatin (Plantmedia, catalog no: 30631019-1) at different
concentrations (0.2, 1, 10, and 100 µM); melatonin (Enzo Life Sciences, catalog no:
BML-NS520-0001) at 0.2, 1, 5, 10, and 20 µM; and serotonin (Enzo Life Sciences,
catalog no: ALX-550-328-M050) at 1, 10, 50, 100, 1000 µM. Zeatin was dissolved in 1M
of NaOH. Indole-3-acetic acid and melatonin were dissolved in ethanol before making
series of dilution.
Measurements of aperture size of stomata
After 4 hours incubation, the epidermal strips were taken out from the incubation
solution and put on a glass slide. To make sure that the strips were spread out, small
amount of distilled water was dropped on it and excess amount of distilled water was
removed by using paper towel. A coverslip was placed on the strip and followed by
gently pressing it to avoid any bubble formation. About 15 to 20 stomata per strip were
selected randomly to be measured at 40X magnification for the exact size of stomatal
aperture by using an ocular micrometer in the microscope’s (Olympus BH2, Japan)
eyepiece.
Cell viability assay
Viability of guard cells in isolated epidermal strips was determined by neutral red
staining. Epidermal strips were incubated in 0.1% neutral red for 15 minutes at room
temperature (Geilfus et al., 2015). After washing twice with distilled water, the epidermal
strips were observed under microscope (Olympus BH2, Japan). Viability of guard cells
was demonstrated by the presence of neutral red stain in the cells.
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Leaf stomata staining
Guard cells were stained with toluidine blue as described by Majewska-Sawka et
al. (2002). Epidermis strips were placed onto glass slides and stained with 0.2% toluidine
blue O (Sigma) in 1% borax for 20 seconds. After rinsing twice with distilled water,
stomata were observed and imaged using a microscope (Olympus BH2, Japan).
Extraction of leaf protein
For protein extraction, leaf samples of Kalanchoe laxiflora were ground into
power in liquid nitrogen with a mortar and pestle. The ground power was then extracted
in extraction buffer (50 mM Hepes-KOH, pH 7.5, 2 mM EDTA, 2 mM EGTA, 20 mM
MgCl2, 40% glycerol, 0.2% Triton X-100, 4 mM DTT, and 4 mM PMSF) at 4°C. The
homogenate was centrifuged at 16,000 x g for 15 minutes at 4°C. The resulting
supernatant contained soluble leaf proteins were collected and quantified for protein
content using the Bradford assay (Bradford, 1976).
Native protein gel electrophoresis
Native (nondenaturing) protein gel electrophoresis was carried out as described by
Gallagher (2001). Briefly, slab gels containing a 5-20% acrylamide concentration
gradient gel and a 4% stacking gel were prepared at room temperature. The polymerized
gels without adding protein samples were pre-electrophoresized at 15 mA for 1 hour at
4°C to remove any nonpolymerized acrylamide from the gels. After pre-electrophoresis,
proteins samples (100 micrograms) were mixed with 1/5 volume of native gel sample
buffer [250 mM Tris-HCl (pH 7.5), 50% glycerol, 0.05% bromophenol blue] and loaded
onto the gels. The gels with loaded protein samples were run at 7 mA at 4°C until
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proteins have entered the stacking gel, followed by running at 10 mA for the stacking
gels and 14 mA for the separating (5-20%) gels.
In-gel enzyme activity assay
In-gel citrate synthase analysis was performed as described by Manchenko
(2002). Briefly, after native gel electrophoresis, the gels were incubated in a solution
containing 100 mM Tris-HCl (pH 7.6), 10 mM oxaloacetic acid, 10 mM acetyl-CoA, and
7 mM 2,6-dichloroindophenol (DCIP) for 15 minutes. After removing the above solution,
the gels were incubated in a solution containing 100 mM Tris-HCl (pH 7.6) and 0.5
mg/ml thiazolyl blue tetrazolium bromide (MTT) until purple bands were appeared. After
stopping the enzymatic reaction by washing the gels with distilled water, the activity gels
were fixed in 25% ethanol. For visualizing all proteins in the gels, the gels were stained
with colloidal Coomassie Blue G-250 (Dyballa and Metzger, 2009). The enzyme activity
and colloidal Coomassie-stained protein gels were imaged and analyzed with ChemiDoc
Touch Imaging System (Bio-Rad Laboratories).
Extraction and clean-up of melatonin
Kalanchoe laxiflora leaves (0.2 g) were ground to powder in liquid nitrogen using
pestle and mortar. The resulting tissue powder was then placed in a glass vial containing
3 ml of 30:1 chloroform/methanol (Byeon and Back, 2014). The vials were shaken at 4°C
in darkness for 15 hours. After centrifugation at 13,500 x g for 10 minutes, the
chloroform fractions were transferred to new tubes and evaporated to dryness using a
SpeedVac coupled to a refrigerated vapor trap. The dried residue was redissolved in 0.5
ml of 5% methanol and transferred to a C18 reverse phase purification cartridge
according to the manufacturer's instruction (IBL International, Hamburg, Germany). The
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C18 cartridge was conditioned with 1 ml of methanol followed by 1 ml of distilled water
prior to addition of the 0.5 ml methanol extract. The cartridge was then washed twice
with 1 ml of 10% methanol and melatonin was eluted from the cartridge with 1 ml of
100% methanol. The eluent was evaporated to dryness and then dissolved in 0.15 ml of
distilled water. The same cartridge purification procedure was applied to standard
melatonin standards at different concentrations (IBL International, Hamburg, Germany).
The cartridge-purified extract was then subjected to ELISA analysis.
Quantification of melatonin by enzyme-linked immunosorbent assay (ELISA)
Melatonin in leaf samples was quantified by a competitive ELISA method using a
kit according to the manufacturer's instructions (IBL International, Hamburg, Germany).
Fifty microliters of each of different concentrations of melatonin standards or extracted
and cleaned samples were added to the respective wells of the microtiter plate. Fifty
microliters of biotin-labeled melatonin were then added to each well, followed by adding
50 microliters of rabbit polyclonal antibody against melatonin to each well of the
microtiter plate. After covering with adhesive foil, the microtiter plate was incubated for
14 hours at 4°C. The plate wells were then washed with wash buffer three times. After
washing, 150 microliters of diluted streptavidin-alkaline phosphatase conjugate were
added to each well. The microtiter plate was then incubated on an orbital shaker for 2
hours at room temperature. After incubation, the plate wells were washed three times
with wash buffer. Two hundred microliters of a para-nitrophenylphosphate (PNPP)
substrate solution were then added to each well to initiate an alkaline phosphatasecatalyzed reaction that produces a yellow color in the solution. After 40 minutes
incubation at room temperature, the reaction was stopped by adding 50 microliters of
26

PNPP stop solution containing 1 M NaOH and 0.25 M EDTA. After application of the
stop solution, the optical density of each well at 405 nm was determined using the
SpectraMax Plus 384 microplate reader (Molecular Devices, Sunnyvale, California,
USA). The obtained optical densities of the melatonin standards were plotted against
their logarithmic concentrations to generate the standard curve. Melatonin concentration
in samples was calculated by finding the corresponding concentration in the standard
curve using each of their optical density.
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Statistical Analysis
Statistical tests were applied to determine the significance of the difference in the
effect of different treatments (citrate, malate, indole acetic acid, zeatin, melatonin, and
serotonin) and corresponding controls in opening of stomata in Kalanchoe laxiflora
leaves. One-way analysis of variance was conducted using Statistical Analysis System
(SAS 9.2) software. The difference between the treatments and controls was considered
statistically significant when p-value < 0.05.
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CHAPTER III
RESULTS
Stomatal complex of Kalanchoe laxiflora
In order to study stomata aperture regulation in Kalanchoe laxiflora, leaf
epidermal structures were examined. Guard cell pairs were usually associated with 3
subsidiary cells to form stomatal complex (Figure 1 A and B). Stomatal complexes were
surrounded by larger epidermal cells. Stomata of Kalanchoe laxiflora plants opened
during the night and closed during the day (Figure 1 C and D). Thus, the stomatal
opening-closing behavior of Kalanchoe laxiflora is consistent with the nocturnal pattern
of changing stomatal aperture in other CAM plants.
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Figure 1

Leaf stomatal complexes and opened or closed stomata of Kalanchoe
laxiflora.Leaf abaxial epidermis stained with Toluidine Blue O (A: 20x
magnification; B: 40x magnification). EC = epidermal cell, GC = guard cell,
SC = subsidiary cell. C and D: light microscope images of stomata in leaf
epidermis obtained at 12:00 am (C) and 11:00 am (D) to show opened and
closed stomata.
Effect of potassium chloride on stomatal opening

Potassium influx into guard cells is a key event for stomatal opening in many plant
species. The uptaken K+ may be balanced by Cl- ions taken up by guard cells. The effect
of different concentration of potassium chloride (50, 100, 150, and 200 mM) on the
stomatal opening in Kalanchoe laxiflora was determined by incubating epidermal strips
in potassium chloride-containing solutions at different pH (4, 5, and 6) in the dark. The
highest opening response was observed for 200 mM of potassium chloride at pH 5
(Figure 2). There was a gradual decrease of stomatal aperture when the concentration of
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potassium chloride (200, 150, 100, 50 mM) decreased at pH 5. On the other hand, the
opening responses to different concentration of potassium chloride appeared to be
unchanged at pH 6 (Figure 2). The incubation solution containing 50 mM KCl at pH 6
was chosen to test the effect of other effector molecules on stomatal opening of
Kalanchoe laxiflora.
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Figure 2

Effect of potassium chloride on opening of stomata. Different
concetration of potassium chloride (50, 100, 150, and 200 mM) on
opening of stomata in leaf epidermis at different pH (4, 5, and 6) under
darkness. Bars represent the mean values of 50 measurements ± standard
error (n = 50).
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Effect of malate on stomata opening
In CAM plants, malic acid can accumulate to high concentration during the night. To
determine if malate has effects on promoting stomatal opening, epidermal strips isolated
from leaves during the day were incubated in the solution (10 mM MES-Tris, 50 mM
KCl, pH 6.0) with different concentrations of malate under darkness for 4 hours. As
shown in Figure 3, 40 mM of malate in incubation solution significantly promoted
stomata opening in Kalanchoe laxiflora. At 10, 20, 30 mM of malate, overall aperture
sizes were increased when compared to the control (0 mM of malate) in spite of not being
statistically significant (Figure 3). These results suggest that high concentration of malate
could promote stomatal opening in Kalanchoe laxiflora.
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Effect of malate on stomatal opening. Incubation of isolated epidermal
strip of Kalanchoe laxiflora in 10mM MES-Tris and 50 mM KCl buffer
that have different concentration 0 mM (without malate) = control, and 10,
20,30, 40 mM of malate under dark condition for 4 hours. Bars represent
the mean values of 50 measurements ± standard error (n=50). Asterisk (*)
indicates the significant difference compared with control (p < 0.05).
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Effect of citrate in opening of stomata
In addition to malic acid, citric acid levels in CAM plants is known to increase during the
night. The effect of citrate in stomatal opening was evaluated under the light or dark
condition at different concentration. As shown in Figure 4, the opening response reached
saturation at 10 mM with stomatal aperture 1.9 µm in the dark condition. There were no
significant differences in stomatal response to the citrate at 1, 2, 5, and 20 mM when
compared to the control (Figure 4). Under light condition, the largest stomatal opening
response (aperture was 2.2 µm) was reached at 5 mM of citrate (Figure 4). By comparing
the result of different concentrations of citrate to the control (0 mM) of citrate, the
differences are significant specially at 5 mM under light and 10 mM under dark. These
results indicate that citrate is a good effector to stimulate opening of stomata in the dark
and prevent closing stomata under the light.
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light

Effect of citrate on stomatal opening. Epidermal peels were floated in the
dark or under light in solution containing 10 mM MES-Tris (pH 6), 100
mM KCl at different concentrations of citrate (0 mM = control, 1, 2, 5, 10,
and 20 mM). Bars represent the mean values of 50 measurements ±
standard error (n=50). Asterisks (*) are used to indicate significant
difference compared with control (P < 0.05).
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Citrate synthase activity in the leaves of Kalanchoe laxiflora
Citrate synthase is the enzyme responsible for citric acid synthesis in cells. To determine
if the activity of citrate synthase changed during the day, citrate synthase in Kalanchoe
laxiflora leaves collected in the day (15:00) and at night (18:00, and 21:00) were
analyzed by in-gel activity assay. As shown in Figure 5 A, the activity of citrate synthase
appeared to increase at night. The protein staining of the same gel showed no detectable
changes of the corresponding protein levels (Figure 5 B). The increased citrate synthase
activity may be important for enhanced citric acid synthesis in the leaves of CAM plants
at night.
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Figure 5

In-gel activity analysis of citrate synthase in Kalanchoe laxiflora
leaves. (A) Proteins from leaves of Kalanchoe laxiflora obtained at
different time of the day (1 = 15:00, 2 =18:00, and 3 = 21:00) were
analyzed for citrate synthase. The purple bands (arrowhead)
indicate citrate synthase activities. (B) The gel stained with
Coomassie Blue for staining proteins. The positions of molecular
mass markers are indicated on the right in kilodaltons (kDa).
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Effect of IAA on opening of stomata
The plant hormone auxin has been shown to induce stomatal opening in some C3 plant
species. To determine if auxin has effects on promoting stomatal opening in Kalanchoe
laxiflora, epidermal strips prepared from leaves during the day were incubated in
incubation solutions containing different concentration of indole-3-acetic acid (IAA) in
the dark. As shown in Figure 6, different concentrations of IAA do not appear to affect
stomatal aperture significantly. These results imply that IAA is not a critical factor that
contributes to stomatal regulation in Kalanchoe laxiflora.
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Figure 6

Effect of IAA on stomatal aperture of leaves of K. laxiflora. The aperture
(µm) of stomata in isolated epidermal strip of Kalanchoe laxiflora were
measured after incubation in solutions containing different concentrations
of IAA for 4 hours in the dark. Bars represent the mean values of 50
measurements ± standard error (n= 50).
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Effect of zeatin on opening of stomata
The plant hormone cytokinin is known to play a regulatory role in stomatal movement in
some plant species. To determine if cytokinin has effects on promoting stomatal opening
in Kalanchoe laxiflora, epidermal strips were incubated in solutions containing different
concentration of zeatin. Although concentrations of zeatin at 0.2 mM, 10 mM, and 100
mM did not appear to impact stomatal aperture significantly, 1 mM of zeatin could
significantly promote stomatal opening (Figure 7). These results indicate that zeatin can
play an important role in stimulating stomatal opening in Kalanchoe laxiflora.
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Figure 7

Effect of zeatin on stomatal opening. Epidermal peels were floated in
solution containing 10 mM MES-Tris (pH 6), 50 mM KCl at different
concentrations of zeatin (0 mM= control, 0.2, 1, 10, 100 mM) in the dark.
Bars represent the mean values of 50 measurements ± standard error
(n=50). Asterisk (*) is used to indicate that the mean is significantly
different from the control (P < 0.05).
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Effect of serotonin on stomatal opening
The hormone-like molecule serotonin has been implicated in regulation of plant
responses to abiotic stresses. To evaluate if serotonin plays a role in stomatal regulation,
epidermal strips were incubated with different concentrations (1 µM to 1000 µM) of
zeatin. As shown in Figure 8, 50 and 1000 µM of serotonin significantly promoted
stomatal opening when compared to the control. The 50 µM concentration of serotonin is
within the physiological concentration range of serotonin in plants. Therefore, serotonin
can be an important factor for stimulating stomatal opening in Kalanchoe laxiflora.
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Figure 8

Effect of serotonin on stomatal opening. Effect of serotonin on stomatal
aperture of leaves of K. laxiflora under control = 0 mM, and different
concentration of serotonin (1, 10, 50, 100, and 1000 mM). Bars represent
the mean values of 50 measurements ± standard error (n=50). Asterisk (*)
indicates the significant difference compared with the control (p < 0.05).
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Effect of melatonin on stomatal opening
Melatonin is an important regulator of circadian rhythms in mammals. Melatonin has
been shown to function as anti-stress agent in some plant species. To determine if
melatonin plays a role in stomatal regulation, epidermal strips were incubated with
different concentrations (0.2 µM to 20 µM) of melatonin. As shown in Figure 9, 5 µM of
melatonin could significantly promote stomatal opening when compared to the control.
Other concentrations of melatonin (0.2, 1, 10, and 20 µM) did not show significant effect
on change stomata aperture size when were compared with the control (Figure 9). These
results suggest that melatonin can be a contributing factor for promoting stomatal
opening in Kalanchoe laxiflora during the night.

40

stomatal aperture (µm)

2.5

*

2

1.5

1

0.5

0
0

0.2

1

5

10

20

Concentration of melatonin (µM)
Figure 9

The effect of different concentrations of melatonin on aperture of stomata
of Kalanchoe laxiflora. Bars represent mean values of 50 measurements ±
standard errors. Asterisk (*) indicates the significant difference compared
with the control (p < 0.05).

Increasing of the levels of melatonin in Kalanchoe Laxiflora during the night
Figure 10 shows the concentrations of melatonin present in leaves of Kalanchoe
Laxiflora at different points of time (0:00, 2:00, 4:00, 10:00, 12:00, and 14:00). Overall
the levels of melatonin in Kalanchoe Laxiflora leaves collected during the night (0:00,
2:00, 4:00) decreased dramatically when compared with the leaves collected during the
day (10:00, 12:00, and 14:00).
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Figure 10

Change of melatonin content in Kalanchoe Laxiflora leaves at different
time of the day. Melatonin levels in Kalanchoe Laxiflora leaves was
measured by ELISA. The values shown are the means ± standard errors (n
= 3).
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CHAPTER IV
DISCUSSION
CAM plants have a unique way of controlling their stomata since these apertures
open at night and close during the day, which contradicts other plants. This strategy aims
at preventing excessive loss of water during the hot days and maintaining their
photosynthetic process through the nocturnal absorption of CO2. At night, CO2 is
converted into oxaloacetate before the formation of citric and malic acids. Basically, the
organic acids undergo decarboxylation in the Calvin cycle to form carbohydrates with
CO2 being one of the products.
Malate is known to be an important factor for regulating stomatal aperture
(Outlaw and Lowry, 1977; Talbott and Zeiger, 1993; Lee et al., 2008; Meyer et al., 2010,
2011). Malate serves as an osmolyte and counter ion for K+ in guard cells allowing
stomatal opening (Araújo et al., 2011). An early study showed that 10 mM malate could
promote stomatal opening in epidermal strips of Commelina communis (Willmer, 1980).
The current study showed that 40 mM malate promoted stomatal opening in epidermal
strips of the CAM plant Kalanchoe laxiflora (Figure 3). In CAM plants, malic acid is the
main organic acid that accumulates during the night when stomata are open. Lüttge and
Nobel (1984) suggested that the increasing of malate during the end of night is related to
osmatic pressure, which also decrease during day and increase during night. They also
mentioned that the level of malate is high at the end of the day, in phase IV (Lüttge and
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Nobel, 1984). The conversion of glucose-6-phosphate into malate can contribute in
accumulation of malate in vacuole by providing ATP, which is generated by substrate
level phosphorylation (Borland and Dodd, 2002). Furthermore, in case of drought
condition that this kind of plant faces, the level of malate will increase to support
adapting the drought stress (Peckmann and Herppich, 1997). Another important effect of
malate is its ability to increase the content of chlorophyll (Darandeh and Hadavi, 2012),
which works as a marker in formation of chloroplast (Parthier, 1979). Lee (2010)
reported that in addition to the importance of circadian rhythms in opening and closing of
stomata, transporting of ion into and outside the vacuole play an essential role in
regulation the movement of stomata. The transporting between H+ and K+ will be in
opposite direction. When stomata opened this will allow K+ to move into vacuole and
pumping out of proton. The uptake of potassium is related with opening of stomata in
Kalanchoe (Lee, 2010). It has been reported that the accumulation of malate will
stimulate the movement of water into guard cell, which lead to swelling this cell and
opening of stomata (Araujo et al., 2011).
In addition to malate, citrate also accumulates during the night in some CAM
plants (Luttge 1988, 1990). A close correlation had been obtained between stomatal
opening and citrate accumulation in guard cells of the C3 plant Vicia faba (Outlaw and
Lowry, 1977). Citrate may serve as a counter ion for K+ in guard cells allowing stomatal
opening. The results obtained indicate that increased level of citrate facilitated the
opening of the stomata during the dark and inhibited the closing of the stomata under the
light (Figure 4). The maximum stomata opening was 2.2 µm and was observed at
concentrations of 5 mM of citrate under the light. Chen and Nose (2004) indicate that
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there is an increase in amount of citrate at the end of dark period, and at the beginning of
morning, in phase II, this accumulation lead to ATP production. The production of ATP
is related to the amount of accumulation of citrate in the vacuole. Due to the presence of
citrate during the first three hours under light (Chen et al., 2002), this make citrate to be
effective in resisting the closing of stomata during light period.
Auxin and cytokinin are the plant hormones that can promote stomatal opening in
some C3 plants (Acharya and Assmann, 2009; Daszkowska-Golec and Szarejko, 2013).
Thus, it is important to study their effects on stomata in CAM plants. Indole-3-acetic acid
(IAA) is an endogenous auxin that regulates plant growth and development. The effects
of IAA on stomata opening of Kalanchoe laxiflora were evaluated using epidermal strip
assay. From a wide range of IAA concentrations (0.1, 1, 10, 100, and 1000 µM) tested,
no significant stomatal responses were detected (Figure 6). Indole-3-acetic acid (IAA)
also showed different effects on two different side of leave (adaxial and abaxial), IAA
has more effects on adaxial than abaxial stomata (Pemadasa, 1982). The other reason in
getting not significant difference in opening of stomata under IAA is because IAA is an
effector in malate formation on adaxial more than abaxial (Pemadasa, 1982). Indole-3acetic acid (IAA) can also inhibit ABA that induces stomatal closing to let stomata open
during dark period by ethylene biosynthesis (Tranka et al., 2006). The relation between
IAA and ethylene biosynthesis to induce stomatal opening is indirect, and preventing of
stomatal opening by auxin will be initiated by preventing action of ethylene, which plays
an important role in opening of stomata and this is done by inhibiting ACC synthase by
amio ethoxyvinyl glycine (Merritt et al., 2001). Auxin is the one that can stimulate
opening of stomata, but it can also be a negative regulator of stomatal opening at high
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concentration (Daszkowska-Golec and Szarejko, 2013). As shown in Figure 6, the effect
of IAA in opening of stomata of Kalanchoe laxiflora is not significant, which could be
related to the concentration of IAA.
Furthermore, zeatin is an endogenous cytokinin that can promote the growth of a
plant. Zeatin also plays other roles like accelerating germination of seeds and preventing
leaf senescence. Concentrations of zeatin above 1µm led to a decrease in the aperture of
the stomata lower than the control as shown in Figure 7. The results indicate that the
CAM plant under investigation require an optimum concentration 1 µM of zeatin to
stimulate stomatal opening. Henso et al. (1989) seem to disagree with finding, they found
that zeatin showed no effect on leaf conductance, and the reason for that is the
concentration of endogenous cytokinin beings at optimal concentration. The reason of
finding different result could be related to the concentration of cytokinin, because
cytokinin at high concetration inhibit opening of stomata (Daszkowska-Golec and
Szarejko, 2013). Bano et al., (1993), found that the amount of cytokinin decreases under
water stressed condition. According to Jewer and Incoll (1981), they found that zeatin is
positive effector in stomata opening in CAM plants.
Melatonin is an important signaling molecule that is present in CAM plants
(Figure 10). Melatonin is also linked to nocturnal plants which open their stomata at
night. Our experiment reveals that a 5 µM of melatonin could significantly stimulate
stomatal opening (Figure 9). In case of drought condition, melatonin synthesis genes
MdTDC1, MdAANAT2, MdASMT1, and MdT5H4 will express for plant protection.
Also, in this environmental condition, melatonin will help in degradation of ABA and
inhibit its synthesis (Li et al., 2015). According to Turk et al. (2014), who reported about
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the effect of melatonin on leaf surface area and relative water content (RWC) that
exposed to cold stress, where melatonin enhanced leaf surface area and RWC by
degrading H2O2 content, which produced by cold stress. Although the mechanism for
melatonin regulation of stomata aperture is not clear, it is possible that melatonin may
regulate membrane fluidity and ion channel activities important for stomata opening
(Arnao and Hernandez-Ruiz, 2015).
Serotonin is a signaling molecule can regulate the growth of plants. Our
experiment investigates the effects of Serotonin on the stomata of CAM plants in the
dark. An increase of concentration serotonin from 0 to 10 µM results to a gradual
decrease of the stomata opening to 1.2 µm. Thereafter, the stomata opening increases to a
maximum size of 2 µm at concentrations of 50 µM. The stomata opening decreases at
concentrations of 100 µM and increases again to the maximum size of 2 µm at the
concentration of 1000 µM. Kaur et al. (2015) reported that the effect of serotonin was
relatively less significant compared to melatonin in an antioxidant prosperity even though
that melatonin is derived from serotonin. It is important to mention that the presence of
serotonin at a high level under stress condition and its ability to regulate the growth of
root and sunflower seedling elongation (Mukherjee et al., 2014). On one hand, serotonin
scavenges hydrogen peroxide directly to ensure that the opening and closing of stomata
takes place effectively. On the other hand, serotonin induces antioxidant enzymes and
hormones which help in the removal of metabolites that could compromise cellular
integrity thereby interfering with the opening and closing of stomata.
In conclusion, this study showed some factors that promote opening of stomata in
the crassulacean acid metabolism plant Kalanchoe laxiflora. Malate, the main organic
47

acid accumulated in CAM plants can promote opening of stomata in Kalanchoe laxiflora
at high concentration during dark period. Citrate is another organic acid that plays an
important role in stimulating opening of stomata under dark condition and prevent
closing stomata closure under light condition. In addition, signaling molecules melatonin,
serotonin, and zeatin could promote stomatal opening in Kalanchoe laxiflora. These
results indicate that multiple factors could contribute to regulate stomatal opening in
Kalanchoe laxiflora. Therefore, these factors (malate, citrate, melatonin, serotonin, and
zeatin) play important roles in opening of stomata in Kalanchoe laxiflora to increase the
rate of CO2 assimilation and prevent losing amount of water.
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